A gene sequence coding for myosin heavy chain (MHC) of human cardiac muscle was isolated by screening a human genomic library with a 32 P-labelled 1.1kb Sad restriction fragment from a previously characterized cDNA clone specifying the light meromyosin and 3' untranslated region of mRNA encoding rabbit cardiac a-MHC. The DNA of this human genomic clone (^HCMHC8) hybridized much more strongly than did other clones isolated under similar, low stringency conditions both to the rabbit cDNA probe and to mRNA isolated from rat cardiac, but not skeletal, muscle tissue. Probe made from a DNA restriction fragment of XHCMHC8 hybridized p. single 31S band of human ventricular mRNA. This size is identical to that of cardiac MHC mRNA of other species. Heteroduplex analysis showed hybridization of /.HCMHC8 with exon segments in a rabbit cardiac MHC genomic clone (kMHCaWl). It also showed that A.HCMHC8 spanned 14 kb of DNA and contained exon segments estimated to code for two-thirds of a MHC including the carboxylic acid terminus. By rescreening the library under more stringent conditions, where only DNA sequences having strong homology to cardiac MHC genes would be expected to hybridize, clones having restriction maps overlapping /VHCMHC8 were isolated together with a unique clone (A.HCMHC9). DNA gel blot hybridization of human genomic DNA with XHCMHC8 probe at medium stringency gave a pattern of restriction fragments similar to the restriction map of A.HCMHC8. A weaker set of bands also appeared which corresponded in pattern to the map of ^.HCMHC9. When the same DNA gel blot was used in a similar experiment, but with XHCMHC9 probe, the bands that hybridized corresponded to the restriction map of X.HCMHC9. Thus the human genome contained DNA corresponding to both XHCMHC8 and X.HCMHC9. Moreover, it did not contain more than two sequences with high homology to cardiac MHC coding sequences. In conclusion, we have isolated a genomic DNA clone containing coding sequences having high homology and almost certain identity to a gene encoding myosin heavy chain in the human ventricular myocardium. We also isolated a second, unique clone having high homology to cardiac MHC coding sequences and also present in the human genome, thus supporting the existence in man of two cardiac MHC genes. (Circulation Research 1986;59:655-662) T he major structural component of the contractile apparatus of muscle is myosin, which consists of two heavy chains of M r = 200,000 and four light chains of M r = 18,000-27,000. The heavy chains also possess the Ca 2+ -ATPase activity that hydrolyzes ATP leading to the transduction of chemical energy into mechanical work. The various kinds of myosin heavy chains (MHCs) are encoded by a tightly linked multigene family consisting of 8-10 members 12 that in man appear to be clustered on the same chromosome 3 and exhibit developmental-and
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Isolation of a Genomic DNA Clone and Its Characterization and of a Second Unique Clone Also Present in the Human Genome
Daniel F. Catanzaro and Brian J. Morris A gene sequence coding for myosin heavy chain (MHC) of human cardiac muscle was isolated by screening a human genomic library with a 32 P-labelled 1.1kb Sad restriction fragment from a previously characterized cDNA clone specifying the light meromyosin and 3' untranslated region of mRNA encoding rabbit cardiac a-MHC. The DNA of this human genomic clone (^HCMHC8) hybridized much more strongly than did other clones isolated under similar, low stringency conditions both to the rabbit cDNA probe and to mRNA isolated from rat cardiac, but not skeletal, muscle tissue. Probe made from a DNA restriction fragment of XHCMHC8 hybridized p. single 31S band of human ventricular mRNA. This size is identical to that of cardiac MHC mRNA of other species. Heteroduplex analysis showed hybridization of /.HCMHC8 with exon segments in a rabbit cardiac MHC genomic clone (kMHCaWl). It also showed that A.HCMHC8 spanned 14 kb of DNA and contained exon segments estimated to code for two-thirds of a MHC including the carboxylic acid terminus. By rescreening the library under more stringent conditions, where only DNA sequences having strong homology to cardiac MHC genes would be expected to hybridize, clones having restriction maps overlapping /VHCMHC8 were isolated together with a unique clone (A.HCMHC9). DNA gel blot hybridization of human genomic DNA with XHCMHC8 probe at medium stringency gave a pattern of restriction fragments similar to the restriction map of A.HCMHC8. A weaker set of bands also appeared which corresponded in pattern to the map of ^.HCMHC9. When the same DNA gel blot was used in a similar experiment, but with XHCMHC9 probe, the bands that hybridized corresponded to the restriction map of X.HCMHC9. Thus the human genome contained DNA corresponding to both XHCMHC8 and X.HCMHC9. Moreover, it did not contain more than two sequences with high homology to cardiac MHC coding sequences. In conclusion, we have isolated a genomic DNA clone containing coding sequences having high homology and almost certain identity to a gene encoding myosin heavy chain in the human ventricular myocardium. We also isolated a second, unique clone having high homology to cardiac MHC coding sequences and also present in the human genome, thus supporting the existence in man of two cardiac MHC genes. (Circulation Research 1986;59:655-662) T he major structural component of the contractile apparatus of muscle is myosin, which consists of two heavy chains of M r = 200,000 and four light chains of M r = 18,000-27,000. The heavy chains also possess the Ca 2+ -ATPase activity that hydrolyzes ATP leading to the transduction of chemical energy into mechanical work. The various kinds of myosin heavy chains (MHCs) are encoded by a tightly linked multigene family consisting of 8-10 members 12 that in man appear to be clustered on the same chromosome 3 and exhibit developmental-and tissue-specificity of expression. 34 Accordingly, a variety of myosin isoenzymes have been described in skeletal, smooth, and cardiac muscle. 5 In the ventricular myocardium of the several nonprimate mammalian species that have been examined, there are three isozymes -VI, V2, and V3 -defined according to their mobility in nondenaturing electrophoretic gels. 67 They consist of different combinations of two types (a and /3) of cardiac myosin heavy chain, viz., otot, aft, and /3j8, respectively. 89 The a-MHC has high and the /3-MHC has low ATPase activity, with corresponding effects on cardiac contractile performance. 10 " The proportions of the isomyosins shift during mechanical overload, 1 2^1 4 diabetes, 15 aging, 8 castration, 16 altered thyroid state, 6 -917 " 19 and during development. 61819 In those mammalian species studied, V3 ( = /3j8) is predominant in the late fetal stage but is replaced shortly before birth by VI ( = aa). In rats and mice the adult form has greater a-MHC, although /3-MHC may be more dominant in larger mammals. 8 -9 Hypothyroidism is accompanied by a shift from the a-to the /3-form of cardiac MHC, 8 which can be reversed by administration of thyroid hormone 7 -81718 that, when given in large doses to rabbits for several weeks, leads to virtually all a-MHC. 618 The changes in composition of isomyosins are accompanied by corresponding changes in the rate of synthesis of each 18 and of their respective mRNA, 19 suggesting that differential regulation of two structural genes is responsible for the variations in MHC composition of the myocardium under different conditions. The coding sequences are highly conserved over their entire length: sequence homology being 95% for nucleotides and 97% for amino acids between cardiac aand /3-MHC within the same species; homology of cardiac MHCs between species and with skeletal muscle MHC of the same species is 80-90%. 20 " 22 Thus, the cardiac MHC genes are thought to have arisen from a gene duplication event that preceded the mammalian radiation 23 and which has subsequently led to functional divergence and also to divergence in the regulatory sequences of each gene.
Recently, genomic clones have been isolated for rat 21 and rabbit 24 cardiac MHC and have confirmed the existence of two cardiac MHC genes in each species. Two of the rabbit clones spanned 25 kilo-base (kb) pairs of the 3' section of a cardiac a-MHC gene, confirmed by partial sequencing that showed a region of identity with the 3' noncoding sequence of cDNA for rabbit cardiac a-MHC. They embodied 28 exons corresponding, by hybridization, to approximately 85% of the cDNA. Another clone coded for over 15 kb within the body of a rabbit cardiac /3-MHC gene. Findings with the rat further revealed a tandem arrangement of the a-and /3-MHC genes, which together spanned 50 kb: the /3-MHC gene residing 4 kb upstream from the a-MHC gene. Sequence analysis was performed on regions corresponding to 3.4 kb of the 5' end of the a-MHC gene, including 0.6 kb upstream that may contain the regulatory sequences, and to the 3' end terminus of each gene.
In man, little is known about cardiac MHC, and certainly there is no amino acid or nucleotide sequence information. In animals, mRNA for cloning experiments can be extracted undegraded from fresh frozen tissue collected immediately after sacrifice. Our initial attempts used cardiac samples from human cadavers, where the inevitable delays and consequent degradation of mRNA rendered the synthesis of cDNA impracticable. Even with fresh tissue, however, the state of synthesis before death need not include two gene products, even if two genes existed. Moreover, electrophoresis of human cardiac MHC preparations in pyrophosphate gels had revealed only one protein band 25 (although, subsequently, immunological approaches have reported the detection of two species in ventricular and atrial tissue 26 ). Therefore, we surmised that if a similar sort of polymorphism existed in man as in other species, then this may best be determined by examination of the human genome.
Materials and Methods
Hybridization Probes
The cDNA hybridization probe used in these studies was pMHCa81, 27 a 1.5 kb complementary DNA coding for approximately 480 amino acids of the carbox-ylic acid (-COOH) terminus of the light meromyosin of a-MHC and the 3'-nontranslated region of the mRNA. Restriction endonucleases (Boehringer Mannheim GmbH) were used to cut specific restriction fragments from relevant genomic clones. These DNA fragments were also used for making hybridization probes as indicated. Such DNA molecules were radioactively labelled with 32 P by the method of nick-translation. 28 
Screening of Human Genomic Library
The library used was composed of clones of the bacterium Escherichia coli, into which had been introduced recombinant DNA consisting of -15 kb fragments of human fetal liver DNA inserted into the vector bacteriophage X. Charon 4A, using synthetic EcoRl linkers. 29 The library was screened using the in situ phage plaque-hybridization method of Benton and Davis. 30 The general techniques described by Maniatis et al 31 were used for hybridization of filters with specific DNA probes, as applied previously in this laboratory for isolation of the renin gene. 32 All filters were washed in 2 x SSC/0.1% NaDodSO 4 (SSC = standard saline citrate = 0.15 M sodium chloride, 0.015 M sodium citrate, pH7.0) for 30 minutes at 20° C and then in 0.1 x SSC/0.1% NaDodSO 4 for 2 hours at 30° C (low stringency), 50° C (medium stringency), or 70° C (high stringency). Low stringency washes permit the formation of nucleic acid hybrids having at least some degree of homology, whereas at high stringency only closely matching nucleic acid sequences will hybridize. Positive recombinant phages were purified through 2-3 rescreenings by plating plaques at low density. Phage DNA was then purified according to Maniatis et al. 31 
Restriction Endonuclease Mapping
Information about the sequence of DNA in the clones was obtained using enzymes that cut at sites having a specific unique sequence recognized by the enzyme used. HindUl (which cuts at A | AGCTT), £coRI (G | AATTC), andfiamHI (G j GATCC) were used alone and in combination, and the DNA fragments were then fractionated by size on either 0.8 or 2.0% agarose electrophoretic gels. Restriction maps of cloned DNA were verified by reciprocal digests of fragments produced by one restriction enzyme, and digested with the other restriction enzyme after excision from a low melting agarose gel. HindlU-cut phage X DNA was run simultaneously as a size marker. Restriction maps were constructed from the distribution of fragments on the gels. Gels were blotted onto nitrocellulose filters by the method of Southern 33 so that the hybridization of the fragments to specific DNA probes could be performed. DNA gel blot hybridization was also performed with total human genomic DNA prepared from human placenta as described by Maniatis et al. 31 
Preparation and Hybridization of RNA
Human cardiac tissue was obtained from renal transplant donors within 20 minutes of death. Rhesus mon-key tissue was similarly obtained from animals used for liver transplant experiments, and cardiac and skeletal muscle was taken from Wistar rats immediately after death from an overdose of sodium pentobarbitone. All tissues were transferred immediately into liquid nitrogen for storage before being homogenized in 10 volumes of 4 M guanidine thiocyanate, 5 mM sodium citrate pH 7.0, 0.1 M 2-mercaptoethanol, and 0.5% JV-lauryl sarcosine. After centrifugation for 2 minutes in a microfuge, 0.05 ml of supernatant was mixed with 0.03 ml of 20 X SSC and 0.02 ml of 38% formaldehyde, heated to 65° C for 15 minutes, microfuged for 2 minutes, diluted 1:10 with 15 x SSC and recentrifuged. Serial dilutions of supernatant were applied to a nitrocellulose filter using a BRL Hybri-Dot® manifold, the filter was baked at 80° C, prehybridized for 1 hour, and then hybridized at 52° C overnight with 10 6 -10 8 dpm of 32 P-labelled DNA probe in a solution of 50%formamide,5 x SSC, 20 mM sodium phosphate, pH 6.8, 10 X Denhardt's solution, 100 fig/m\ denatured salmon testes DNA, 0.1 mg/ml polyadenylic acid (where appropriate), and 0.5% NaDodSO,. 34 The filter was then washed under conditions of medium stringency (described above) and autoradiographed overnight with an intensifying screen. The intensity of spots on the x-ray film was determined by scanning with a LKB Laser Densitometer. Various control experiments in which total mRNA was labelled in an exchange reaction with [y-32 P]dATP catalyzed by T4 polynucleotide kinase 35 and then spotted onto nitrocellulose with or without homogenization buffer, either alone or in combination with tissue extracts, indicated close to 100% recovery for the various samples by comparison with filters onto which labelled mRNA had been spotted directly. 34 For RNA gel blot ("Northern") hybridization, total RNA was extracted from cardiac tissue by the guanidine/cesium chloride method and was denatured with 1 M glyoxal and 50% dimethylsulfoxide, electrophoresed on a 1% agarose gel and transferred to nitrocellulose paper. 31 Hybridization was then performed as described above.
Heteroduplex Analysis
Heteroduplexes formed between the genomic DNA of different clones can be visualized directly by electron microscopy. Since coding sequences ("exons") in genes are split up by noncoding sequences ("introns"), only exon segments of homologous clones will hybridize. This technique allows determination of the organization of DNA in a clone and can establish the organization of homologous sequences in two different genes. Heteroduplex analysis was performed as described previously. 24
Results
Isolation of Human Myosin HC Genomic Clones
Approximately 300,000 recombinant phage plaques of the human genomic library were screened with a 32 Plabelled 1.1 kb Sad restriction fragment cut from the 1.5 kb rabbit cardiac cDNA clone pMHCa81 and cor-responding to the Sstl fragment of this clone depicted in Figure 1A of Sinha et al. 27 Under conditions of low stringency, eight positive signals were detected. After plaque purification and rehybridization under conditions of medium stringency one of these, which we have termed ^HCMHC8, was found to give a 10-20 fold higher hybridization signal than the others. Furthermore, restriction mapping of A.HCMHC8 (shown later) and the other clones (data not shown) revealed that its sequence differed from the others (some of which were identical) and the region of hybridization with the probe was identified in each case. At least some of the other clones might encode skeletal muscle MHC, of which there are at least three in man, 3 but this was not explored.
The orientation of genomic DNA in ^.HCMHC8 with respect to the right and left arms of the bacteriophage vector was determined by probing restriction fragments derived from this clone with a probe made from the 295 bp Pstl fragment of the 3' region of pMHCa81 (including the 3' untranslated sequence of the mRNA) depicted in Figure 1 of Sinha et al. 27 This hybridized the left-hand-most fragment of M-ICMHC8, i.e., the fragment closest to the left-hand (long) arm of the bacteriophage. The adjacent region of XHCMHC8 insert hybridized the Sad fragment of pMHCa81, indicating that the orientation of XHCMHC8 was 5' -» 3', right -H> left, and that all of the 3' exons were present in the clone.
Hybridization With Different MHC mRNA
Insert DNA from the various positively hybridizing clones and the Sad fragment of pMHCa81 were labelled with 32 P and used as hybridization probes against 10-fold dilutions of various RNA extracts prepared from skeletal muscle and embryonic (= /3-MHC), young (= a-MHC) and adult (= a-MHC + /3-MHC) cardiac ventricular muscle of rats, as well as against pMHCa81. At medium stringency, XHCMHC8 bound 10-20 times more strongly to the dilutions of cardiac mRNA (Figure 1 ). This was the first piece of evidence that 1HCMHC8 may contain genomic DNA coding for a human cardiac MHC. Probes from each clone hybridized to the dilutions of pMHCa81, as did the Sad fragment of pMHCa81.
RNA Gel Blot Hybridization
XHCMHC8 probe hybridized a single band of glyoxylated RNA on gel blots of ventricular RNA (Figure 2 ). Thus, XHCMHC8 contained sequences having strong homology to RNA transcribed in the human heart. Moreover, the size of the hybridizing band, 3 IS, indicated that the RNA was of high molecular weight. Indeed, its size was similar to that of rat cardiac MHC mRNA, which is 7,100 nucleotides long and also gives a 3IS band on RNA gel blots. 20 
Heteroduplex Analysis
XHCMHC8 was annealed with A.MHCal2/l, which is a genomic clone shown to code for the -COOH end of rabbit cardiac a-MHC, 24 i.e., is part of the gene (1000, 100, 10, and 1 ng) , and the other horizontal rows show 10-fold dilutions ofRNA extracts from various rat muscles. The nitrocellulose filters were probed with 32 P-labelled insert DNAfrom selected clones, abbreviated XM3, XM7, and 1M8, that had been isolated from a human genomic library using as probe the Sacl fragment ofpMHCa.81 and are shown as groups of four vertical rows. The self-hybridization of the Sacl probe to pMHCa81 from which it was derived is also shown. This probe bound the cardiac samples 10 times more strongly than skeletal samples. Of the human genomic clones XM8 bound the probe most strongly, and then 10-20 times more with cardiac than skeletal samples. The identity of\M3, XM4, and kM7 as skeletal MHC was not explored.
coding for the mRNA represented in the rabbit cDNA pMHCa81 used as probe in the initial screenings described above. From the electron micrograph of the heteroduplex formed (Figure 3 ), the lengths of the hybridization regions of the human and rabbit genomic DNAs were measured, together with the lengths of the nonhybridizing (intron) regions. The sizes of the hybridizing (exon) regions of the human clone corresponded closely with many of the exon regions of the rabbit clone, thus providing further evidence for the identity of A.HCMHC8 as coding for a human cardiac MHC. By itself, this experiment did not, however, allow us to conclude whether ^HCMHC8 encoded an a-or a j3-cardiac MHC, as cardiac MHCs are more homologous within (-95%), than between (80-90%), species. The heteroduplex map indicated that HCMHC8 encodes all of the 3' exons. The fine structural organization of XMHCa l2/l ( Figure 6 of Friedman et al 24 ) shows that it contains 15 of the exons of the gene estimated to have slightly in excess of the 28 exons (~85% of the gene) demonstrated so far. 24 Since the 14 kb insert of XHCMHC8 extends further 5' than the 5' end of the insert of A.MHCal2/l, it is clear that our human clone may contain more exon coding regions than exist in the corresponding rabbit genomic clone, i.e., the total length of DNA that encodes protein is greater than 4 kb. Since the size of human MHC mRNA would be ~7kb (as also suggested by Figure  2 ), approximately two-thirds of human cardiac MHC coding sequences are found in X.HCMHC8, distributed among 14 kb of DNA, including introns.
Evidence for a Second Human Cardiac MHC Gene
32 P-labelled probes, prepared from restriction fragments of ?iHCMHC8 subcloned into plasmid pBR322, were used to rescreen the human genomic library and were also applied to gel ("Southern") blots of human DNA digested with various combinations of restriction enzymes. Rescreening at a high stringency yielded several clones whose restriction maps overlapped .HCMHC8. In addition, a unique clone, which we have termed A.HCMHC9, was found that hybridized the probe as strongly as A.HCMHC8 under the conditions used, indicating high sequence homology, and therefore correspondence, with cardiac MHC coding sequences, but which differed in its restriction map, making it unique (Figure 4) .
Hybridization of A.HCMHC9 probe on dot blots and gel blots of rat cardiac and skeletal muscle RNA at medium stringency gave results virtually identical with those shown for >.HCMHC8 probe in Figures 1 and 2 , further establishing it as coding for a cardiac MHC. This experiment was also performed using preparations of adult human and rhesus monkey ventricular and atrial RNA at high stringency and using a probe for the human Alu-repeated sequence to monitor the total amount of nucleic acid in each sample applied to the filter. Human cardiac a-and /3-MHC coding sequences are, however, likely to have very high homology, at least as great as found in other species (~95%). It is therefore not surprising that, despite numerous experiments, consistent differential hybridization of one clone to atrial RNA (which is likely to have relatively more a-MHC) and the other to ventricular RNA (higher j8-HMC) could not be produced, even under appropriate high stringency conditions. This made classification of each clone as encoding one or the other of each of these cardiac MHCs uncertain. On the other hand, the substantial differences between the nucleotide sequences of the 3'-untranslated regions of each type of mRNA would, however, be expected to provide the differential hybridization desired, in experiments such as SI nuclease mapping with DNA fragments corresponding to appropriate regions of the mRNA sequence. Such an approach with unsequenced genomic clones, where the exact region needed for probe was not known precisely and, moreover, where one clone (X.HCMHC9) was unlikely to contain 3'untranslated sequences anyway, obviated this approach. Tentatively, however, clone A.HCMHC8 encodes a /3-MHC and MCMHC9, an a-MHC.
With human genomic DNA on gel blots, .HCMHC8 probe hybridized to a number of bands under low stringency conditions (30° C), but as the stringency was increased by raising the temperature to 50° C and then to 70° C many bands faded, leaving a set of bands that was identical in pattern with the restriction map of ^HCMHC8, from which the probe was derived. The set of bands that faded with increasing stringency was similar in pattern to the pattern of restriction fragments found in the new clone X.HCMHC9. A second DNA gel blot hybridization experiment was then performed using the smallest £coRI fragment of MCMHC9 (indicated in Figure 4 ) for probe. The pattern of hybridization of ^.HCMHC8 and ^HCMHC9 probes with the same restriction digests of human genomic DNA were different from each other, but consistent with their own restriction maps in each case. These findings are succinctly illustrated in Figure 5 , which shows the pattern of hybridizing bands at medium stringency for both A.HCMHC8 and A.HCMHC9 probes applied to the same restriction digest of human genomic DNA. In addition, gel blots of total leukocyte DNA from parents and children in the same family, as well as a nonfamily control, probed with the rabbit cDNA fragment showed two BamHl restriction fragments, whereas the human genomic DNA of A.HCMHC8 in the hybridizing region had only one, consistent with each fragment having arisen from a separate gene. It was not possible to perform heteroduplex mapping of XHCMHC9 and A.HCMHC8 against each other because of the opposite orientation of their DNA with respect to the bacteriophage arms. Moreover, cardiac MHC genomic DNA from another species in which the DNA insert was oriented in the opposite way to kMHCall/l was not available for such studies.
Discussion
The present work has led to the isolation of genomic DNA coding for a human cardiac myosin heavy chain. Previous screenings of a human genomic library by others using a rat cardiac myosin cDNA probe (pCMHC5) 2 did not lead to the detection of DNA coding for human cardiac MHC. Thus, our work is the first to isolate a human cardiac MHC gene. This conclusion is based on the fact that DNA probe, prepared from the clone (X.HCMHC8), hybridized to 1) RNA of rat cardiac more strongly than to rat skeletal muscle, 2) human ventricular RNA of 3 IS -a size identical with that of rat cardiac MHC mRNA on RNA gel blots, 20 3) human genomic DNA having a similar pattern of restriction fragments as the clone, thus establishing the presence of the cloned DNA in the human genome. Moreover, the clone formed a heteroduplex with a known genomic clone containing half of the gene for a cardiac MHC of the rabbit. Such heteroduplex formation probably represents the clearest evidence for establishing unequivocally the identity of ^.HCMHC8 as coding for a human cardiac MHC. Hybridization in many of the exon regions corresponded precisely and in the correct order. As would be expected, the exon encoding the 3'-untranslated region of the rabbit gene did not hybridize to the human clone. Moreover, little hybridization occurred in the intron regions, as would be expected, owing to the reduction in conservation of sequence within corresponding intervening sequences, except at the intron-exon boundaries. The region of hybridization of the 14 kb clone isolated shows that its DNA encodes the -COOH terminal two-thirds of a human cardiac MHC. This is the rod portion, an ahelical structure which, by intermolecular coiling and overall electrostatic charge, is responsible for the packing of myosin molecules into thick filaments, 36 in contradistinction with the -NH 2 terminal half of MHC which has the ATPase activity and is involved in binding actin.
In addition, the present experiments also found"a second human genomic clone (A.HCMHC9) having strong homology to the first. Because high stringencies were used in its isolation, its homology would have to be closely related to a cardiac MHC gene. The degree and pattern of hybridization of restriction fragments, however, indicated that it was unique. Moreover, its orientation and the position of hybridization of probe made from a fragment of the first clone suggested that it encoded the -NH 2 terminal half and 5'-flanking DNA of a human cardiac MHC. The orientation of A.HCMHC9, however, prevented heteroduplex analysis, and even though it hybridized to cardiac mRNA, much more information would be required before ascribing function. Nevertheless, extensive screening of the genomic library and analysis of clones showed that there were not more than two DNA sequences having high homology to a cardiac MHC sequence. Adult and fetal ventricular myosins in man, unlike other species, appear to be identical. 37 After the clones had been isolated, Gorza et al, 26 using antisera to bovine atrial myosin and human pectoralis myosin, provided some support for the existence in man of two cardiac myosins. Two patterns of staining were found and the authors concluded that atria contained a predominance of a-MHC, whereas ventricles contained mainly /3-MHC. Furthermore, alterations occurred that suggested changes in the proportion of MHC types in different cardiac pathologies, particularly in atria. Most noticeable was a shift of a-MHC staining to /3-MHC staining in left atrial hypertrophy accompanying mitral stenosis. Moreover, recent preliminary work in this department using monoclonal antibodies with cross-species reactivity suggests a switching to a-MHC in ventricular tissue from a hypothyroid patient treated with large doses of thyroid hormone (G.P. Yeoh and J.F.Y. Hoh, personal communication). Thus, alterations in relative gene expression may occur in man as in other species. Immunological evidence for further subfamilies within each of the two cardiac MHC types is not supported, at least at the gene level, by the present experiments, in which a widely used library known to be representative of the human genome was used. Differences in immunological characteristics due to factors other than amino acid sequence can, however, occur.
In support of the present work in which we could find evidence of only two genes in man, there is no evidence for more than two cardiac MHC in any other species. Even though the size of the MHC is similar between species, the size of the gene might vary significantly due to variations in the size or the number of introns, 38 although in the present work there was no evidence for the human cardiac MHC gene having a different length than that of the rabbit, at least in the 3' two-thirds. The differences in the sizes of the introns in XHCMHC8 and their low hybridization reinforced the notion of divergence in these regions due to relative lack of selective constraint.
Finally, the isolation of human genomic clones for cardiac MHC is an obviously important first step in the ultimate goal of determination of the extremely long nucleotide sequence and encoded amino acid sequence of the cardiac MHC genes, estimated to be among the biggest in man, together with the sequence of the regions where regulation may be enforced.
